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HIGHLIGHTS 


►  A  PEMFC  with  metal  bipolar  plates  and  state-of-the-art  materials  is  optimized  for  low  resistance. 

►  A  compression  break-in  cycle  and  then  subsequent  compression  at  >1.00  MPa  lowers  the  resistance. 

►  The  bipolar-plate  surface  roughness  affects  the  resistive  contact  with  the  gas  diffusion  layers. 

►  Contact  resistance  dominates  the  I2R  losses  in  a  state-of-the-art  PEMFC  stack. 
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Ohmic,  or  I2R,  losses  occur  in  electrochemical  devices,  such  as  proton  -exchange  membrane  fuel  cells 
(PEMFCs)  due  to  the  resistance  of  materials  and  the  contact  resistance  between  the  electrochemical 
active  area,  the  gas  diffusion  and  current  collector  materials.  Such  losses  must  be  lessened  to  maximize 
the  conversion  of  chemical  energy  to  electricity  rather  than  heat.  We  probe  how  to  decrease  the  contact 
resistance  in  PEMFCs  with  metal  bipolar  plates  with  state-of-the-art  membrane  electrode  assemblies, 
specifically  Au/Ti02-coated  titanium  bipolar  plates  (BPPs),  gas  diffusion  layers  with  microporous  layers 
(GDLs  with  MPLs),  and  catalyst-coated  membranes  (CCMs)  comprising  a  15-pm-thick  proton-exchange 
membranes.  Through  in  situ  tests  of  a  model  system,  we  find  that  the  system  resistance  decreases  after 
a  compression  break-in  cycle  and  then  remains  low  subsequently  by  keeping  the  stack  assembly 
compressed  at  >1  MPa.  Ex  situ  tests  show  that  the  surface  roughness  of  the  BPPs  also  affects  contact 
resistance  with  the  GDLs.  After  accounting  for  the  bulk  resistance  of  the  cell  constituents  (BPPs,  GDLs, 
MPLs  and  CCMs),  we  conclude  that  in  a  state-of-the-art  PEMFC,  the  contact  resistances  between  the 
materials  contribute  55%  of  the  total  I2R  losses,  and  thus  dominate  the  ohmic  loss  contributions. 

Published  by  Elsevier  B.V. 


1.  Introduction 

Proton-exchange  membrane  fuel  cells  (PEMFCs)  are  approxi¬ 
mately  50%  efficient  at  the  conversion  of  hydrogen  fuel  chemical 
potential  to  electrical  energy,  with  the  remainder  of  the  hydrogen 
energy  converted  to  heat  through  activation,  mass  transport  and 
ohmic,  or  I2R  losses,  the  latter  which  are  caused  by  materials  and 
interfacial  resistances  [1].  The  activation  losses  are  mainly  due  to 
the  inefficiencies  of  the  cathode  catalyst  for  the  oxygen  reduction 
reaction.  The  mass  transport  losses  occur  primarily  at  the  cathode 
under  high  power  operation,  and  are  derived  from  the  gradient 
needed  to  transport  02  gas  through  the  N2  and  water  present  in  the 
porous  electrodes  found  in  fuel  cells.  At  low  current  densities, 
kinetic  losses  dominate,  while  mass  transport  losses  are  the  largest 
contributor  at  high  current  densities. 
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Also  increasing  with  current  density  are  ohmic,  or  I2R ,  losses  in 
fuel  cells,  which  have  long  been  dominated  by  the  ionic  resistance 
of  the  proton-exchange  membrane  (PEM),  typically  per- 
fluorosulfonic  acid  (PFSA).  The  PEM  resistance  has  decreased  as 
manufacturing  improvements  have  led  to  the  development  of 
thinner  PEMs,  thus  decreasing  the  membrane  geometric  area  over 
thickness  [2,3].  With  state-of-the-art  PEMs,  a  significant  contrib¬ 
utor  to  the  ohmic  losses  in  PEMFCs  is  from  the  interfacial  contact 
resistance  between  the  materials  in  the  fuel  cell,  such  as  the  BPPs 
and  the  materials  in  the  MEA,  i.e.,  gas  diffusion  layers  with 
microporous  layers  (GDLs  with  MPLs)  and  catalyst-coated 
membranes  (CCMs)  which  comprise  the  PEM  and  its  catalyst  layer. 

Another  significant  change  in  PEMFC  technology  has  been  the 
movement  from  carbon  BPPs  to  metal  ones.  The  BPPs  have  a  range 
of  functions,  including  heat,  current  and  gas  flow.  The  carbon  BPPs, 
originally  developed  for  phosphoric  acid  fuel  cells,  are  expensive 
and  fragile  under  compression  stresses  because  of  their  relatively 
low  flexural  strength  (20-95  MPa)  [4],  and  any  resulting  cracks 
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result  in  coolant  and  gas  leakage.  Metal  plates  are  becoming  the 
standard  for  PEMFC  BPPs  as  they  have  been  identified  as  a  path  to 
low-cost,  compact  fuel  cell  stacks,  especially  now  that  it  is  well 
understood  how  to  stop  membrane  degradation  in  the  presence  of 
trace  metals  from  metal  corrosion  via  the  addition  of  Mn  and/or  Ce 
ions  [5].  Metal  BPPs  can  sustain  larger  stress  than  the  carbon  BPPs, 
permitting  a  larger  range  of  compression,  test  and  operational 
conditions.  Metal  BPPs,  particularly  those  made  from  stainless  steel 
(e.g.,  316L),  can  exhibit  increased  interfacial  contact  resistance  over 
carbon  BPPs  because  of  oxide  scale  formation  and  inherent  asper¬ 
ities  that  reduce  contact  area  [6-10].  Numerous  studies  have  been 
made  on  how  to  lower  contact  resistance  on  metal  BPPs  [6]. 

While  most  industrial  metal  BPPs  are  made  from  316L  stainless 
steel,  we  use  titanium  alloys  to  make  prototype  BPPs,  because 
titanium  provides  a  high  strength  and  low  weight  substructure 
ideal  for  aerospace  applications.  The  prototype  titanium-alloy  BPPs 
are  made  by  a  laser-forming-based  rapid  manufacturing  method, 
direct  metal  laser  sintering  (DMLS).  An  overview  of  laser  methods 
for  rapid  manufacturing  is  given  by  Santos  et  al.  [11  ].  DMLS  permits 
the  complex  design  of  miniature  flow  fields  and  internal  cooling 
channels  not  available  with  standard  machining  processes,  and 
avoids  the  need  for  expensive  tooling  [12].  To  minimize  their 
surface  resistance  and  improve  their  corrosion  resistance  in  the 
corrosive  PEMFC  environment,  these  BPPs  are  coated  with  a  low- 
cost,  robust,  conductive  Ti02/gold  coating,  which  was  originally 
developed  to  coat  stainless  steel  bipolar  plates  [13].  In  this 
conductive  coating,  Au  microdots  are  dispersed  throughout  the 
ceramic  coating,  resulting  in  a  low  resistance  of  10  mCl  cm2  with 
only  a  2.4%  coating  of  gold. 

The  interfacial  contact  resistance  in  PEMFCs  is  also  highly 
dependent  on  the  force  used  to  clamp  together  the  stack  compo¬ 
nents  [14],  so  we  combine  a  mechanical  press  with  a  fuel  cell  test 
station  to  minimize  cell  resistance  vs.  compression.  Standard 
analytical  fuel  cell  test  cells  are  not  configured  for  measuring 
performance  under  variable  compressive  load.  Usually,  a  compres¬ 
sive  load  is  applied  to  the  circumferential  bolts  of  test  cells  using 
a  torque  wrench,  as  in  our  previous  works  [15].  A  steady  mechan¬ 
ical  load  is  used  here  as  an  accurate  representation  of  the  actual 
force  applied  to  a  test  cell. 

We  also  probe  different  surface  topologies  of  BPP,  as  this  is 
known  to  affect  their  contact  resistance  with  the  porous  gas 
diffusion  layers  contact  [16,17].  Another  factor,  which  affects 
interfacial  resistance,  is  the  flow  field  structure,  as  it  can  affect  the 
contact  stress  distribution  [18];  we  do  not  optimize  for  this 
parameter  and  instead  use  a  fixed  parallel  flow  field. 

By  combining  high  quality  components  (metal  BPPs,  GDLs, 
CCMs)  and  carrying  out  realistic  tests  both  in  situ  and  ex  situ  using 
a  controlled  external  mechanical  press,  the  source  of  materials 
losses  is  quantified  for  a  state-of-the-art  PEMFC  assembly.  The 
research  also  leads  to  general  procedures  for  the  assembly  of  high 
performance  fuel  cell  assemblies  including  mechanical  break-in 
procedures,  and  a  path  to  high  quality  test  cells. 

2.  Experimental 

2.1.  Materials 

Custom  BPPs  were  made  from  Titanium  T64  alloy  by  DMLS  by  3T 
RPD  Ltd  (Berkshire,  UK).  After  fabrication,  the  plates  were  etched  in 
acid  to  remove  any  soluble  transition  metal  impurities  (V,  Fe)  and 
then  coated  with  a  layer  of  Ti02  and  gold  microdots  by  Treadstone 
Inc.  (Princeton  NJ). 

The  BPP  flow  field  was  a  typical  parallel  flow  design  with  flow 
features  for  an  electrode  active  area  of  22  cm2.  The  planar  view  of 
the  flow  field  is  shown  in  Fig.  1.  The  three  relevant  areas  that  are 


used  in  calculations  throughout  this  work  are  shaded  in  the  figure. 
The  solid  line  outlined  area  shows  the  geometric  electrode  area. 
This  value  is  used  for  normalizing  all  resistance  measurements  to 
an  area-specific  resistance  common  to  fuel  cells  literature.  The  blue 
highlighted  area  shows  the  land  area  used  to  determine  the  land 
stress,  which  is  commonly  reported  in  contact  resistance  literature 
[20-22].  The  dashed  line  area  shows  the  total  force  area  used  to 
determine  the  equivalent  distributed  stress  on  the  cell.  The 
distributed  stress  is  a  departure  from  previous  contact  resistance 
works  that  only  examined  BPP  or  flat  material  samples.  The  use  of 
an  equivalent  distributed  stress  is  needed  to  account  for  the  stress 
carried  by  gasket  area  in  operating  fuel  cells. 

Three  BPP  surface  finishes  were  evaluated  for  contact  resistance 
to  give  a  broad  range  of  finishes:  (1)  DMLS  finish  —  the  surface 
finish  left  after  the  manufacturing  process;  (2)  Hand  polished  finish 
-  achieved  by  wet  sanding  with  600-grit  SiC  paper  on  a  granite 
surface  plate;  and  (3)  MicroTek  polished  finish  -  a  commercial  but 
proprietary  process  that  involves  mechanical-catalytic  surface 
activation  [23],  and  is  ideal  for  polishing  surfaces  with  complex 
geometries.  The  surface  characteristics  of  each  finish,  including  the 
arithmetic  average  roughness  (Sa),  were  characterized  using  a  STIL 
profilometer  with  a  CL2  lens  and  M70  magnifier.  In  this  configu¬ 
ration  the  profilometer  had  a  300-pm  range,  a  0.01 2-pm  axial 
resolution  and  a  52-pm  spot  size.  Multiple  areas  of  1  mm  x  5  mm 
were  probed  on  the  BPP  to  acquire  represented  surface  scans. 

The  GDLs  in  every  experiment  comprised  25  BC  GDLs  (SGL 
Group),  which  contain  a  microporous  layer  (MPL)  on  one  side  and 
are  ideal  for  high  power  fuel  cell  applications.  The  MPL  is  important 
for  maximizing  fuel  cell  performance,  but  makes  contact  resistance 
measurements  more  difficult  because  the  GDL  is  not  symmetric. 

Primea-series  catalyst-coated  membranes  (CMMs,  W.L.  Gore) 
were  used  with  platinum  loadings  of  0.1  mg  Pt  cm-2  on  the  anode 
and  0.4  mg  Pt  cm-2  on  the  cathode  separated  by  a  15-pm-thick 
PFSA  supported  membrane. 

2.2.  In  situ  testing 

Prior  to  in  situ  resistance  testing,  all  MEAs  went  through 
a  standard  fuel  cell  break-in  procedure  of  cycling  between  cell 
voltages  to  hydrate  the  membrane  and  activate  the  electrode  [15]. 
In  situ  resistance  testing  was  performed  on  an  operating  fuel  cell  at 


||  Reference  area 

|  Electrode  area 
|  Land  area 


Fig.  1.  Planar  view  of  22  cm2  BPP  detailing  the  three  important  areas  for  contact 
resistance  and  applied  stress,  reference  area  over  the  entire  plate,  22  cm2  electrode 
area,  and  raised  land  area. 
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96%  RH  and  at  0.85  A  cm-2.  The  influence  of  compressive  stress  was 
studied  first  followed  by  a  sweep  of  cell  temperature  after  a  suitable 
compression  was  determined.  The  total  ohmic  resistance  of  the  fuel 
cell  was  measured  by  current  interrupt  and  by  high  frequency 
impedance  using  a  Scribner  580e  Test  Station  with  built-in 
frequency  generator.  Both  methods  yielded  consistent  resistance 
measurements.  The  resistance  measurements  were  taken  over 
a  period  of  several  minutes,  while  the  resistance  settled  to  a  stable 
value.  The  average  resistance  measurement  over  the  last  1  min  of 
stable  measurement  was  recorded  prior  to  proceeding  to  the  next 
measurement. 

The  fuel  cell  setup  had  to  be  modified  from  previous  work  to 
accommodate  one  piece  BPPs  [15].  This  is  different  from  the 
machined  flow  fields  in  typical  analytical  fuel  cells,  which  capture 
half  the  features  of  a  BPP.  The  fuel  cell  test  fixture  is  a  modified  Fuel 
Cell  Technologies  25  cm2  test  fixture.  A  cross  sectional  view  of  the 
in  situ  setup  detailing  all  the  layers  and  individual  cell  components 
is  depicted  in  Fig.  2.  Unlike  the  majority  of  single-cell  test  fixtures, 
this  single-cell  requires  2  additional  GDLs  to  make  contact  with  the 
current  collectors  from  the  sides  of  the  BPP  not  contacting  the  CCM. 
A  pocketed  graphitic  carbon  end  plate  (Gr)  was  used  to  conduct 
current  and  manifold  gases  to  the  anode/cathode.  MicroTek  pol¬ 
ished  BPPs  were  used  in  the  in  situ  tests.  150-pm-thick  Teflon 
coated  fiberglass  picture  frames  were  used  to  set  the  GDL  pinch  and 
keep  the  carbon  end  plates  from  shorting.  The  gasketing  material 
for  sealing  the  cell  was  1.7-mm-thick  fluorosilicone  rubber  sheet 
from  Stockwell  elastomerics,  Inc. 

The  compression  force  applied  to  the  fuel  cell  was  controlled 
using  a  Chatillon  LR  50k  mechanical  press.  The  press  applies 
a  known  force  from  which  stress  was  calculated  for  the  relevant 
areas.  Insulating  G10  spacers  were  used  to  electronically  isolate  the 
press  from  the  load  cell.  Initially,  the  cell  was  compressed  to 
1.00  ±  0.06  MPa  (145  ±  8  psi)  at  80  °C  and  relaxed  to  0.14  MPa 
(100  psi)  to  perform  mechanical  break-in  prior  to  resistance 
measurements  as  a  function  of  increasing  compression  stress. 


•  Cycle  1  O  Cycle  2,3 
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Fig.  3.  Compressive  cycling  showing  mechanical  break-in.  (inset)  Schematic  of 
simplified  test  cell  with  GDL  and  BPP,  based  on  Fig.  2.  Ex  situ  test  at  ambient  conditions. 

Following  the  compression  sweep  the  cell’s  compression  stress  was 
set  to  1.00  MPa  (145  psi)  at  80  °C  and  the  cell’s  temperature  was 
varied.  After  testing  the  cell  was  disassembled  and  GDLs  were 
examined  for  excessive  wear  or  extrusion  into  the  flow  fields. 

2.3.  Ex  situ  testing 

The  through-plane  resistances  of  fuel  cell  components  and 
assemblies  of  fuel  cell  components  were  measured  ex  situ  (i.e.,  not 
in  an  operational  fuel  cell)  to  determine  the  contribution  of  indi¬ 
vidual  components  to  the  total  resistance  observed  during  in  situ 
testing.  The  ex  situ  resistances  were  measured  using  a  Keithley  580 
micro-ohmmeter  as  the  load  was  incrementally  increased  from 
0.00  MPa  to  a  maximum  of  1.72  MPa  (250  psi)  using  the  previously 
described  mechanical  press.  This  approach  is  similar  to  the  work  by 
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Fig.  2.  Cross  sectional  view  of  22  cm2  in  situ  test  configuration  defining  cell  components  and  resistive  components.  Parts  of  this  test  configuration  are  used  for  the  ex  situ  testing 
cells.  Legend:  Au  =  gold  current  collector  electrode;  Gr  =  graphitic  carbon  end  plate;  BPP  =  bipolar-plate;  GDL  =  gas  diffusion  layer;  MPL  =  microporous  layer;  CCM  =  catalyst- 
coated  membrane. 
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Hu’s  group  [24].  The  micro-ohmmeter  has  a  resolution  of  10  pQ, 
which  provides  2  digits  of  resolution  greater  than  was  needed  for 
the  observed  resistances.  Three  compression  cycles  were  run  for 
each  test  configuration.  The  reported  values  are  the  average  of  the 
three  compression  cycles  taken  at  1.00  ±  0.06  MPa  (145  ±  8  psi). 
Plate  to  plate  variability  was  not  examined  in  this  work.  The  zero 
stress  data  point  was  tested  and  recorded  to  complete  the  stress 
cycle,  but  not  analyzed  because  it  did  not  qualitatively  add  to  the 
observed  trend  and  is  an  invalid  operating  condition  for  a  fuel  cell. 

2.4.  Contact  resistance  analysis 

Interfacial  contact  resistance  cannot  be  observed  directly 
because  it  is  convoluted  with  materials  resistances  and  other 
interfacial  resistances,  if  significant.  A  well-known  approach  to 
determining  interfacial  contact  resistance  is  to  use  multiple  test 
configurations  with  variations  of  the  materials  and  contact 


interfaces  from  which  the  contact  resistance  can  be  devolved  [17]. 
In  an  operating  fuel  cell  there  are  numerous  resistances  that 
contribute  to  the  observed  ohmic  resistance.  The  total  cell  resis¬ 
tance  is  comprised  of  5  unique  bulk  resistances  and  4  unique 
interfacial  contact  resistances.  As  shown  in  Fig.  2,  the  bulk  resis¬ 
tances  arise  from  the  circuit  and  gold  (Au)  current  collector  elec¬ 
trodes,  graphitic  carbon  end  plate  (Gr)  in  the  test  cell,  GDL  (with 
MPL),  BPP,  and  CCM.  The  interfacial  resistances  are  due  to  the 
contact  between  the  GDL  and  BPP,  MPL  and  CCM,  Gr  and  MPL  and 
Au  current  collector  and  Gr. 

The  GDL  to  BPP  interfacial  contact  resistance  (Agdl-bpp)  is 
determined  using  Eqns.  (1)— (3).  The  total  resistance  of  set-upl 
(Ktoti)  and  set-up2  (Rtoa)  is  based  on  the  set-ups  described  in  the 
work  by  Haidar’s  group  [17]. 

fltotl  =  2*jRau-MPL  +  2  *flBpp_GDL  +  2  *ftGDL  +  2*KBPP  +  ^circuit  ( 1 ) 
^tot2  —  ^Au-MPL  +  ^Au-GDL  +  ^GDL  +  ^circuit  (2) 
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Fig.  4.  (a)  In  situ  resistance  measurements  0.85  A  cm  2  and  at  various  temperatures  and  stresses;  (a,  inset)  test  cell  configuration  based  on  Fig.  2.  (b)  Polarization  curve  measured 
from  the  cell  configuration  at  1.00  MPa,  100%  RH,  2|2  H2|air  stoichiometry,  80  °C,  and  ambient  pressure. 
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^BPP-GDL  =  Ktotl  +  2 


1, 


o*(^tot2  ^GDL  ^circuit) 


-  2*^GDL  -  ^BPP  -  Ra 


=  2*(^totl  -  ^tot2  -  ^GDL  -  ^BPP) 


(3) 


Two  approximations  are  used  in  the  analysis.  First,  it  is 
assumed  that  the  contact  resistance  at  the  Au  electrode  to  the  MPL 
of  the  GDL  is  the  same  as  the  Au  electrode  to  the  GDL  without 
a  microporous  layer  ( 2RAu-Mpl  =  Kau-mpl  +  Kau-gdl).  Second,  the 
bulk  resistance  for  the  GDL  is  based  on  a  similar  material  in  the 
literature,  but  not  SGL  25BC  [25].  Both  materials  are  fibrous  carbon 
papers  of  similar  thickness  and  porosity,  so  the  assumption  seems 
to  be  valid.  Similar  mathematical  treatments  were  used  for  our 
other  test  configurations. 

3.  Results  and  discussion 

The  first  step  was  to  determine  the  optimal  compressive  load  for 
these  experiments.  Fig.  3  shows  a  series  of  three  compression/ 
decompression  cycles  up  to  1.4  MPa  for  an  ex  situ  fuel  cell  assembly 
comprising  a  BPP  with  GDLs  on  each  side.  The  first  compression  cycle 
exhibits  hysteresis  in  the  through-plane  resistance  as  a  function  of 
compression  stress  indicative  of  a  mechanical  “break-in”  response. 
Subsequent  decompression  and  compression/decompression  cycles 
all  follow  the  same  path.  This  initial  break-in  is  attributed  to  the  GDL 
being  formed  into  compression  with  the  BPP,  as  evidenced  by 
observed  deformation  of  the  GDL  after  the  cell  disassembly.  Similar 
resistance  trends  with  cyclic  compression  have  been  observed  in 
recent  work  [26].  After  the  first  break-in  cycle,  the  cell  resistance  vs. 
stress  is  constant  and  follows  an  asymptotic  trend.  The  resistance  is 
near  its  minimum  at  a  compressive  load  of  >1  MPa  for  the  reference 
area  of  the  BPP,  as  has  been  reported  by  others  [14,18]. 

To  quantify  the  optimal  reference  area  load,  a  complete  single¬ 
cell  was  assembled  and  tested  for  ohmic  resistance  at  different 
compressive  loads  and  different  operating  temperatures.  It  also 
provides  a  meaningful  complement  to  the  ex  situ  data.  Note  that 
since  the  metal  BPPs  are  one  piece,  two  BPPs  must  be  used  to  form 


one  cell  and  provide  extra  resistance  not  typically  encountered  in 
standardized  experiments  [15].  The  results  of  this  test  in  Fig.  4a 
show  the  effects  of  temperature  on  resistance  through  an  opera¬ 
tional  fuel  cell.  The  circles  represent  constant  temperature  tests 
with  varying  load;  the  squares  represent  a  varying  temperature  test 
where  the  load  was  set  to  1.00  MPa  (145  psi)  at  80  °C  and  allowed  to 
change  with  temperature. 

Resistance  converges  to  a  temperature  independent  value  at 
stresses  above  1.00  MPa  (145  psi).  It  continues  to  decrease  with 
increasing  stress,  but  inspection  of  the  GDL  after  the  2.07  MPa 
(300  psi)  test  point  revealed  significant  material  damage.  The 
improvement  in  performance  at  stresses  greater  than  1.38  MPa 
(200  psi)  is  negligible  compared  to  the  risk  of  over-compression  of 
the  GDLs,  which  would  inhibit  mass  transport  [14]. 

Representative  polarization  curves  are  shown  in  Fig.  4b,  con¬ 
firming  the  function  of  our  custom  fuel  cell  test  assembly  in  Fig.  2. 
The  uncorrected  polarization  curve  is  relatively  low  because  of  the 
additional  interfaces  present  in  our  test  cell.  Nonetheless,  the 
polarization  curve  is  far  superior  to  what  has  been  reported  in  other 
in  situ  compression  cells  [19],  presumably  due  to  the  use  of  all  state- 
of-the-art  components  and  a  viable  flow  field  configuration.  The  iR- 
corrected  polarization  curve  shows  that  the  polarization  curve  at 
high  current  density  is  below  what  is  measured  in  our  typical 
single-cell  test  assemblies  (see  example  in  Ref.  [15])  presumably 
because  of  differences  in  the  flow  fields  (parallel  vs.  serpentine), 
which  cause  different  mass  transport  losses. 

The  surface  topologies  and  surface  roughness  of  BPPs  with 
different  surface  finishes  and  the  GDL  contact  surface  are  shown  in 
Fig.  5.  Each  map  is  a  flow  field  land  which  contacts  the  GDL  and  is 
the  interface  for  contact  resistance.  The  rough  finish  typical  of 
DMLS  without  polishing  after  the  build  (Fig.  5c)  is  characterized  by 
numerous  asperities  with  the  occasional  deeper  pits  (dark  regions 


Fig.  5.  Profilometry  of  BPP  surface  finishes  and  GDL  surface:  a)  600-grit  polish,  Sa  ~  0.7  pm,  b)  MicroTek  polished,  Sa  ~  1.6  pm,  c)  rough  DMLS  finish,  Sa  ~  7.6  pm,  d)  surface  of  GDL 
contacting  the  BPP. 
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Fig.  6.  Area-specific  resistance  vs.  three  different  BPP  surface  roughnesses  for  three  ex 
situ  different  cell  configurations:  (red  circles)  BPP  between  2  GDLs;  (blue  triangles)  BPP 
only;  (black  square)  calculated  contact  resistance  between  the  GDL  and  BPP.  All 
measured  at  1.00  ±  0.06  MPa  reference  stress  area.  (For  interpretation  of  the  refer¬ 
ences  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this 
article.) 


in  left  of  map)  which  are  visible  without  magnification.  The 
apparent  surface  roughness  is  consistent  with  parts  manufactured 
by  the  successive  melting  of  granules  of  metal  powder,  as  in  DMLS. 
The  asperities  can  be  as  high  as  20  pm  and  the  surface  has 
a  roughness  of  7.6  pm.  Fig.  5a  shows  the  lands  after  hand  polishing 
with  600-grit  sandpaper.  Of  the  three  finishes  this  is  the  smoothest 
with  a  surface  showing  a  nearly  uniform  topology  with  a  corre¬ 
sponding  surface  roughness  of  0.7  pm.  Fig.  5b  shows  the  BPP  land 
after  MicroTek  polishing.  The  surface  is  mostly  smooth  with  some 
regions  of  waviness  and  remnants  of  the  deeper  pits  (darks  spots 
center  of  map)  that  were  unable  to  be  removed  by  the  MicroTek 
process.  The  roughness  after  MicroTek  polishing  is  1.6  pm. 

In  accordance  with  the  model  presented  by  Y.  Ein-Eli’s  group,  it 
is  expected  that  the  DMLS  rough  finished  would  show  significant 
interfacial  contact  resistance  because  of  its  numerous  asperities 


Table  1 

Resistance  of  fuel  cell  components  and  interfaces,  as  measured  herein  and  from  the 
literature. 


Component  or  interface 

Symbol 

(mO  cm2)3 

Ref. 

Measurement  electrodes  and  circuit 

^Circuit 

~0b 

Experimental0 

Graphitic  carbon  end  plate 

RGr 

0.7 

[29] 

GDL 

^GDL 

1.9d 

[30] 

BPP 

^BPP 

0.005 

[31] 

CCM 

Rccm 

13.6  ±  1 

[27] 

Electrodes  to  graphitic 

Rau-Gt 

4.45  ±  0.20 

Experimental 

carbon  end  plate 

Graphitic  carbon  end  plate  to  MPL 

^Gr-MPL 

5.52  ±  0.50 

Experimental 

GDL  to  BPP 

^GDL-BPP 

4.75  ±  1.55 

Experimental 

MPL  to  CCM 

^MPL-CCM 

5.65  ±  0.81 

Experimental 

a  Resistance  values  at  1.00  ±  0.06  MPa  (145  ±  8  psi). 
b  Below  accuracy  of  measurement  device. 

c  Experimental  values  are  a  combination  of  measurement  and  calculation. 
d  Calculated  using  the  conductivity  of  Toray®  TGP-H-060. 


with  similar  size  to  the  fibrous  contacting  surface  of  the  GDL  [16]. 
Fig.  5d  shows  the  fibrous  contacting  surface  of  the  GDL,  and  it  is 
clear  from  inspection  than  many  of  the  peaks  shown  in  the  BPP  in 
Fig.  5a— c  would  engage  with  voids  in  the  fibrous  surface.  The 
interfacial  contact  resistance  of  the  MicroTek  and  hand  polished 
BPPs  is  less  obvious.  Fig.  6  shows  the  contact  resistance  at  the  BPP 
to  GDL  interface  (^bpp-gdl)  and  for  comparison  the  contact  resis¬ 
tance  at  the  BPP  to  the  Au  electrode  interface  (Abpp-au)  at  a  contact 
stress  of  1.00  MPa.  Both  measurement  sets  are  reported  at  area- 
specific  contact  resistance  (mQ  cm2)  because  this  unit  is  the  most 
commonly  used  in  fuel  cell  evaluation.  The  familiar  trend  of  contact 
resistance  decreasing  as  the  surface  becomes  smooth,  but 
increasing  as  the  surface  becomes  too  smooth  is  observed  and  is  in 
agreement  with  previous  studies  [16,17].  The  absolute  surface 
roughness  at  which  the  interfacial  contact  resistance  increases 
(<1.7  pm)  does  not  match  the  previous  work  exactly  (<0.76  pm), 
but  is  very  close  considering  the  experimental  differences  between 
all  three  works,  i.e.,  GDL,  BPP  material,  and  compressive  stress. 
Three  surface  roughness  explored  in  this  work  are  not  enough  to 
determine  an  optimum  BPP  surface  roughness  for  this  GDLs,  but  is 
suggestive  that  one  exists.  Interestingly,  the  contact  resistance 
between  the  BPP  and  a  gold  coated  electrode  shows  a  trend  that 
mirrors  the  GDL  interface  resistance  with  slightly  lower  absolute 
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Fig.  7.  Comparison  of  individual  cell  component  and  assembly  resistances  at  reference  area  stress  of  1.00  ±  0.06  MPa. 
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Fig.  8.  Extrapolation  of  materials  resistances  (Table  1)  and  contact  resistances  from  the  test  cell  in  this  work  (left)  to  the  resistive  contributions  in  a  PEMFC  (right). 


values  suggesting  that  this  might  be  used  as  a  screening  technique 
for  testing  new  surface  treatments  without  involving  GDL. 

The  through-plane  resistance  at  1.00  ±  0.06  MPa  of  selected  ex 
situ  configurations  is  summarized  in  Fig.  7.  Qualitatively,  they  show 
the  logical  trend  of  increased  resistance  with  an  increase  in  the 
number  of  interfaces  and  components.  The  limitations  of  this 
reductionist  approach  are  also  apparent  from  the  data.  The 
through-plane  resistance  of  one  GDL  is  not  equal  to  twice  that  of 
two  GDLs  stacked  together  because  of  the  difference  in  the  number 
of  interfaces.  The  stack  of  two  GDLs  has  three  interfacial  contact 
resistances  not  four.  As  a  rough  estimate,  the  through-plane  resis¬ 
tance  of  a  single  GDL  is  10  mQ  cm2,  which  is  in  agreement  with  the 
GDL  manufacturer’s  specifications  [25]. 

Through  the  combination  of  systematic  experiments  and  liter¬ 
ature  values  it  is  possible  to  determine  all  of  the  resistance 
contributions  of  each  component  in  the  fuel  cell.  In  order  to  link  ex 
situ  measurements  to  in  situ  measurements  it  is  critical  to  get 
a  good  estimate  of  the  CCM’s  bulk  ionic  resistance  (Rccm).  For  our 
estimates  we  use  the  work  of  K.  R.  Cooper  on  Nation™  212  (their 
Fig.  10)  at  95%  RFI  and  80  °C  which  has  a  conductivity  of 
110  mS  cm-1  [27],  which  is  consistent  with  ionomer  conductivities 
recently  reported  by  W.  Liu  [28].  A  summary  of  bulk  and  contact 
resistances  for  all  cell  components  is  tabulated  in  Table  1.  As  ex¬ 
pected  the  bulk  resistance  is  negligible  for  the  metal  BPPs  (Rbpp)- 
The  single  largest  contributor  to  the  bulk  resistance  is  associated 
with  the  Rccm-  The  contact  resistances  between  components,  (e.g., 
^gdl-bpb  ^mpl-ccm)  were  ~5  mQ  cm2  regardless  of  the  contact 
interfaces.  Ti02/Au  coating  is  an  effective  way  of  reducing  contact 
resistance  and  in  these  sets  of  experiments  the  BPP  to  GDL  contact 
resistance  is  equivalent  to  a  MPL  to  carbon  contact  resistance 
within  experimental  error.  Note  that  the  MPL  to  carbon  interface 
lacks  flow  features  and  thus  is  not  equivalent  to  a  MPL  carbon  BPP 
interface,  but  is  illustrative  because  it  contains  the  appropriate 
materials. 

Using  the  values  in  Table  1  it  is  possible  to  determine  the 
contribution  of  interfacial  resistances  and  the  materials  bulk  resis¬ 
tance  to  total  ohmic  resistance.  The  contributions  arising  from  the 
GDL,  MPL,  and  CCM  resistances  and  their  associated  interfacial 


resistances  is  shown  in  Fig.  8,  with  the  measured  values  from  our 
test  cell  on  the  left,  and  the  extrapolated  values  for  a  unit  cell  on  the 
right  (comprised  of:  1  BPP,  2  GDLs  and  1  CCM).  By  such  reduction  of 
the  data  reported  for  our  test  cells,  we  surmise  that  for  stacks  using 
state-of-the-art  CCMs  the  interfacial  contact  resistance  between  the 
CCMs  and  MPLs,  and  the  GDLs  and  BPPs  provide  55%  of  the  resis¬ 
tance  of  each  cell.  With  such  advanced  proton-exchange  membranes 
with  very  high  conductivity,  contract  resistances  must  be  considered 
in  their  characterization  and  may  even  become  more  dominant  at 
lower  relative  humidity  [28].  Clearly,  focus  should  be  given  to  cell 
optimization  to  reduce  contact  resistances  in  full  PEMFCs. 

4.  Conclusions 

The  major  factor  involved  in  PEMFC  I2R  losses  is  in  the  interfacial 
contacts  between  different  components.  This  contact  resistance 
depends  on  many  factors,  ranging  from  BPP  surface  roughness  and 
cell  compression.  A  mechanical  break-in  procedure  of  cycling  the 
compressive  load  decreases  the  area-specific  resistance  by 
3  mQ  cm2  at  1.00  ±  0.06  MPa  (145  ±  8  psi).  The  GDL  to  BPP 
interfacial  contact  resistance  has  its  lowest  value  of  4.75  mQ  cm2 
for  gold/Ti02-coated  titanium  BPP  with  a  surface  roughness  of 
1.6  pm  at  1.00  MPa,  but  this  is  still  one  of  the  largest  contributors  to 
cell  resistance.  The  use  of  enough  compressive  stress  can  remove 
some  variable  dependencies.  The  ex  situ  single-cell  equivalent  test 
showed  that  stress  above  1.00  MPa  eliminates  GDL  related  resis¬ 
tance  variation,  and  the  in  situ  test  showed  that  stress  above 
1.00  MPa  eliminates  temperature  related  resistance  variation.  This 
shifts  the  focus  of  ohmic  resistance  back  to  surface  finish  and 
interface  dependencies. 

When  compared  to  state-of-the-art  proton-exchange  mem¬ 
branes  resistances  it  was  found  that  the  CCM  is  the  single  largest 
contributor  to  the  I2R  losses  in  the  fuel  cell,  but  overall  contact 
resistances  between  the  CCMs,  MPLs,  GDLs  and  BPPs  dominate, 
contributing  55%  of  the  cell  resistance.  Future  research  should  focus 
on  minimizing  contact  resistance  between  GDLs  and  other 
components  through  controlled  surface  finishes  and  novel  coatings 
and  further  refinements  to  improve  the  contact  stress  distribution. 
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